The conjugation system of Staphylococcus aureus that is conferred, at least in part, by plasmid pJE 1, requires cell-to-cell contact. Optimum transfer was found when the numbers of donor and recipient cells were equal. Certain antibiotics increased the conjugation frequency. Fragments of plasmid pJE 1 were cloned into a staphylococcal plasmid vector; although separate clones were isolated that conferred ethidium bromide resistance and gentamicin resistance, none of the clones carried the ability to conjugate. Transposon mutagenesis with Tn551 was used to create 26 mutants of pJE 1. These were analysed for the position of the insertion and for their ability to conjugate. The sites of insertion were non-random. Only six mutants were unaffected in their conjugability ; one showed increased ability to conjugate whilst the rest were either unable to conjugate or showed a reduced frequency. It is concluded that there are at least two separate regions necessary for conjugation and that the system is not obviously similar to that reported in st re ptococc i .
INTRODUCTION
There is now evidence for conjugation between Staphylococcus aureus strains. Archer & Johnston (1983) , Forbes & Schaberg (1983) and McDonnell et al. (1983) concluded that there is a conjugation-like transfer system since cell-to-cell contact is an absolute requirement. The process is energy dependent and requires viable donor cells, is resistant to DNAase, has no calcium requirement and transfer can occur between non-lysogenic donor and recipient cells. The Staph. aureus strains known to conjugate contain plasmids conferring gentamicin resistance on their hosts and it is therefore probable that the conjugation system is at least partly specified by genes present on these plasmids. Lacey (1980) provided evidence for a type of spontaneous transfer in mixed culture, distinct from both conventional transduction and conjugation. He describes this process as 'phage-mediated conjugation' since transfer requires direct cell-to-cell contact as well as the presence of lysogenic transducing phage in either the donor or the recipient. The precise mechanism of this 'phage-mediated conjugation' remains obscure as does the mechanism for transfer by conjugation. This latter system is certainly distinct from the typical system in Escherichia coli K 12 since, for example, no evidence has been found for sex pili.
It has been shown that the broad host-range plasmids such as PAM-1 from Streptococcus faecalis can be transferred to Staph. aureus via filter membrane conjugation experiments (Engel et al., 1980; Schaberg et al., 1982) , and then either back to Strep..faecalis or to a second Staph. aureus strain (Schaberg et al., 1982) . There is no evidence that plasmids that confer responsiveness to sex pheromones can be transferred in the same way, although the pheromone cAM373 to which Strep. faecalis RC73(pAM373) responds has been detected in 23 Staph. aureus strains (Clewell et al., 1985) . A similar type of pheromone system may therefore exist in the staphylococci. 
J . E V A N S A N D K . G . H . D Y K E
In this survey, investigations were focussed on the self-transmissible gentamicin-resistanceconferring plasmid pJEl. The strain used was Staph. aureus 8325(pJE l), constructed by transfer of the GmR plasmid from Staph. aureus A1 18 to 8325N (Naidoo et al., 1983) . The plasmid pJEl (50 kbp) has been mapped with respect to eight restriction enzymes and is known to confer resistance to ethidium bromide (Evans, 1986) . By varying the conditions of the basic method, the mechanism by which conjugal transfer occurs was investigated. Restriction fragments were cloned in an attempt to localize the region involved in transfer. To define the pJEl-encoded conjugal genes, mutant derivatives of the plasmid were constructed by transposon mutagenesis with Tn551. Comparative physical analysis between the wild-type plasmid and the mutant derivatives allowed the location of regions involved in transfer.
METHODS
Bacterial strains and plasmids. The donor strain was Staphylococcus aureus 8325(pJE1). This was constructed by transfer of a gentamicin-resistance-conferring plasmid from Staph. aureus A1 18 (Naidoo et al., 1983) into Staph. aureus 8325N (J. Naidoo, personal communication). Staph. aureus strain B111 NvR (Naidoo et al., 1983) was used as recipient.
The Staph. aureus plasmid vector pCW59 (Wilson et al., 1981) was used in cloning experiments. It carries determinants for resistance to tetracycline and chloramphenicol, with a BglII site within the latter determinant.
Transposon Tn.551 (Khan & Novick, 1980) was derived from Staph. aureus PS80 : :Tn55Z(pI9789, Seg-1 AA) revertant E no. 17 (Browne, 1985) .
Media and reagents. Brain heart infusion (BHI) broth (Oxoid) was used for growth of cultures in liquid. BHI solidified with 1.5% (w/v) agar was used as solid medium, supplemented as appropriate with chloramphenicol (20 pg ml-l), erythromycin (10 pg ml-l), gentamicin sulphate (20 pg ml-I) or novobiocin ( 5 pg ml-I). Growth was at 37 "C under aerobic conditions unless otherwise stated.
Restriction enzymes were from Amersham, Bethesda Research Laboratories or New England Biolabs, and were used according to the manufacturers' instructions. DNA ligase (from bacteriophage T4) was obtained from Sigma.
Preparation ofplasmid D N A and recombinant D N A techniques. The method of Novick & Bouanchaud (1971) was used to purify plasmid DNA from Staph. aureus for cloning, transformation and restriction endonuclease analysis.
Transformation of Staph. aureus 8325N protoplasts was as described by Lindberg (1981) . Conjugation. The procedure was based on that of Forbes & Schaberg (1983) . Donor bacteria, grown overnight on BHI agar plus gentamicin, and recipient bacteria, grown overnight on BHI agar plus novobiocin, were scraped off separately, resuspended in BHI medium containing 0.01 M-CaCl, and the OD,,, adjusted to 2.5. Two ml of each suspension were mixed and collected together by filtration through a 2.5 cm diameter, 0-45 pm pore size nitrocellulose filter (Millipore). The filter was immediately placed on BHI agar with the bacteria touching the agar surface. After incubation for 16 h at 37 "C, each filter was transferred to 10 mlO.9% (w/v) saline and thoroughly shaken. Samples (0.15 ml) of the suspension were plated on BHI agar containing 20 pg gentamicin ml-I and 5 pg novobiocin ml-' . Colonies were counted after incubation at 37 "C for 16 h. Control plates, spread with 0.1 5 ml of either donor or recipient cells, were also incubated. The conjugation frequency is expressed as the number of transconjugant colonies per recipient in the original mixture.
Construction ofmutants by transposition. Plasmid DNA was prepared from Staph. aureus PS80d : : Tn551(pI9789 Seg-1, AA) revertant E no. 17, a strain known to carry Tn55Z (which confers resistance to erythromycin) on a plasmid that is temperature sensitive for replication (Browne, 1985) . The DNA was used to transform Staph. aureus 8325(pJE 1) to erythromycin resistance. Colonies that were both gentamicin resistant and erythromycin resistant, and therefore presumed to harbour both plasmids, were mixed and grown at 42 "C (a temperature at which the pI9789 plasmid derivative carrying Tn55Z will not replicate). The culture was diluted 100-fold into fresh BHI medium containing 20 pg gentamicin ml-l and 10 pg erythromycin ml-I and growth continued at 42 "C for 5 h. This culture was then diluted as before and the cycle of growth and dilution repeated a further four times. The growth at 42 "C in the selective medium will select those bacteria in which Tn55Z has transposed either to the pJE 1 plasmid or to the chromosome. Plasmid DNA was prepared from the culture and used to transform Staph. aureus 8325N to erythromycin resistance. Twenty-six transformants that were also resistant to gentamicin were chosen for further investigation.
Electrophoresis. Plasmid DNA and restriction-enzyme-digested DNA were electrophoresed through vertical gels of 1 % (w/v) agarose in TBE buffer (500 mM-Tris, 500 mhl-boric acid, 100 mM-EDTA) containing 500 pg ethidium bromide I-'. The DNA bands were visualized on a UV transilluminator and photographed. Restriction-enzyme-digested fragments were isolated by electrophoretic elution onto DEAE-cellulose paper (Dretzen et al., 1981) . 
R E S U L T S
Characterization of the Conjugation system In a typical experiment, the frequency of conjugation was 5.1 x (limits 4.8 x to 1.1 x
Variations to the procedure were tried to increase this frequency and to simplify the procedure. No transfer was detected in any experiment in which the donor and recipient were not filtered together. For example, no transconjugant colonies were found when 1.25 x lo9 bacteria ml-l of both donor and recipient were mixed and 0.15 ml plated directly onto selective BHI agar. Similarly, no colonies grew when 75 pl of donor and 75 pl of the recipient (same concentrations) were pipetted onto the agar surface and then mixed. The effect of varying the density of bacteria was investigated. The same numbers of donor and recipient cells (3.75 x lo9 of each) were mixed and filtered using filters of 491 mm2 or 1735 mm2 area. The frequency of transfer was almost four times higher when the smaller filter was used (1.22 x compared to 3-15 x
The ratio of donor to recipient cells present prior to filter incubation was varied over a 15-fold range. An equal ratio of donor and recipient cells gave the highest frequency of conjugat ion.
In general, filter incubation on BHI agar plates seems to be the common procedure in the investigation of Staph. aureus transfer via filter matings (Schaberg et al., 1982; Archer & Johnson, 1983; Forbes & Schaberg, 1983; Goering & Ruff, 1983) . Although McDonnell et al. (1983) reported similar transfer frequencies whether nutrient agar or BHI agar plates were used, no-one has reported the effect of incubating the filter on selective agar plates. The effect of plating the filters on BHI agar plates containing various antibiotics was investigated. The results (Table 1) show that transfer occurred most readily on plates with the addition of either chloramphenicol or gentamicin plus novobiocin. Transfer was reduced in the presence of either gentamicin or novobiocin alone.
Cloning BglII fragments from pJEl into pC W.59
A restriction enzyme map of pJEl was constructed (Fig. 1) . In an attempt to isolate and clone the complete transfer region, plasmid pJEl was digested to completion with BgZII and the fragments were cloned into pCW59. A total of 48 clones were obtained. The sizes of the cloned fragments in kbp, with the number of clones obtained for each size shown in parentheses, were : 15.2 (0); 15.0 (0); 3.8 (6); 3.5 (6); 3.4 (6); 2.7 (9); 2-0 (6); 1.5 (9) and 1.4 (6). The two largest fragments were not isolated from clones even after their purification from the smaller fragments by electrophoretic elution onto DEAE-cellulose paper prior to ligation.
Each clone was tested for its resistance to gentamicin and ethidium bromide. The former was located on the 3.5 kbp fragment and the latter on the 2.0 kbp fragment (Fig. 1) .
A representative example of each of the seven different clones was tested for its ability to conjugate with Staph. aureus B1 1 1 NvR. TcR NvR transconjugants were selected in each case but, in addition, for the clone conferring resistance to gentamicin, GmR NvR transconjugants were selected. None of the clones gave transconjugants although the parental plasmid, pJE 1, transferred at its normally high frequency ( Transposon mutagenesis as a method for locating parts of Staph. aureus plasmid DNA involved in transfer Characterization of the mutants. Plasmid DNA was prepared from each of the 26 mutants. Digestion with restriction endonucleases EcoRI and PvuII was used to identify the fragment into which the transposon had inserted. Tn551 was known to contain two BgZII sites and found to carry single NcoI and XbaI sites. The mapping of these two latter sites within Tn551 allowed the position of the transposon within pJEl to be mapped more precisely for each mutant. As Tn551 can insert in one of two possible orientations, and because some fragments were large, there were often four possible insertion sites. The results from EcoRI and PvuII digests were used, where possible, to discard any of the four possible sites derived from the digestions with other enzymes. The orientation of the transposon could be determined in all but six mutants. The most probable insertion position was determined on the basis of the positions which most closely correlated from each of the enzymes BgZII, NcoI and XbaI. The map position for each mutant (Fig. 1) is an average value and therefore a range is also given. The mutant plasmids were designated pJEl-1 to pJE1-26. The mutant pJEl-6 had a deletion of 3.7 kbp of pJEl at the site of insertion of the Tn551.
Conjugation in Staphylococcus aureus
Conjugation of the mutants. Conjugation was performed with each of the 26 mutants and the recipient B1 1 1 NvR. A total of 1 1 batches of conjugations were performed and in each case the conjugation frequency between 8325(pJE1) and B1 1 1 NvR was also determined. Results (Table  2) are expressed as the ratio of the control conjugation to the mutant conjugation.
The mutants were classified into five groups according to the level of conjugation : none (ratio co); very low (ratio 50-3000); low (ratio 4-10); normal (ratio 1-2) and high (ratio < 1). Plasmid DNA was prepared from a transconjugant colony selected from each of the successful conjugations. This was digested with BgZII and compared with similarly digested parental mutant DNA to determine if exact transfer had occurred. The transfer of mutant plasmids occurred without detectable alterations of the DNA in all examples.
J . EVANS A N D K . G . H . DYKE DISCUSSION
The results indicate that direct cell-to-cell contact is an absolute requirement for plasmid transfer, strengthening the argument that the process is conjugation. Futher support for this is that increasing the density of cells on the filter increases the transfer frequency and that divergence from an equal ratio of donor to recipient cells decreases it : the greater the divergence, the lower the frequency.
The increase in the conjugation frequency upon the addition of gentamicin plus novobiocin to the incubation plates can be interpreted by postulating that in this case selection for early transconjugants occurs. The transconjugant cells divide and produce further doubly resistant progeny in the absence of competition from donor or recipient cells. Plating on singly selective plates (gentamicin or novobiocin) inhibits growth of either the donor or the recipient, resulting in an unequal ratio of donor and recipient cells and hence a lower transfer rate. The increase in the frequency of transfer when chloramphenicol is added to the incubation plates may be due to a different phenomenon, as this antibiotic will prevent cell growth in donor, recipient and transconjugants. Chloramphenicol is known, however, to increase the rate of cell wall synthesis (Mandelstam & Rogers, 1958) . By preferentially utilizing the cell's resources of amino acids, addition of chloramphenicol may increase the rate of cell wall synthesis after transfer has occurred via a transient protoplast formation between cells. Antibiotics may increase competence of the bacteria by preventing growth: this is being further investigated.
The inability to clone the complete transfer region is probably due to more than one transfer region being involved. This explanation was proved by analysing pJEl via transposon mutagenesis. The insertion points of Tn551 in the 26 mutants are not randomly distributed around the plasmid genome; the transposon has inserted into 'preferred sites' or 'hotspots'. One such region lies between 19.9 and 23.4 map units, within which the transposon has inserted 14 times. Although this area represents only 7% of the total genome, it contains 54% of the total insertions. A second 'preferred insertion area' appears between 2.3 and 7.8 map units, representing 11 % of the genome, into which 23% of the insertions have occurred. There are no insertions, however, between 31.8 and 46.4 map units (29% of the genome) or between 13.3 and 19.9 map units (1 3 % of the genome). Each mutant was created by an independent insertion of Tn551 into pJEl.
The clustering of Tn551 insertions into pJEl is within the two regions involved in conjugation. Insertion of Tn.552 into the area between map units 20 and 23 either abolished or considerably reduced the conjugation frequency. On the basis that this region is involved in conjugation it has been designated region 'TraI'. Another area of the genome into which insertions abolished conjugation and others considerably reduced it was between 45.7 and 6.0 map units (10.3 kbp). This region has been designated 'TraII'. These regions are separated by areas in which insertions had no apparent effect on conjugation; the regions TraI and TraII are probably therefore separate operons. It cannot be excluded that more than two regions may be involved. The area designated TraII may be more than one operon, as mutants pJEl-9 and pJE1-25 are relatively well separated from mutants pJEl-3, pJE1-4, pJEl-16 and pJEl-20. It is interesting that Christie & Dunny (1986) mapped nine distinct Tra regions within the Strep. faecalis plasmid pCF-10 (58 kbp).
The conjugation frequencies obtained with the 26 mutants were broadly classified into five classes. In eight mutants, transfer was abolished but in nine, transfer was extremely low and in two (pJEl-12 and pJEl-19) transfer was slightly higher but still greatly reduced compared with that of the parental plasmid. These insertions may be close to the boundary of the region involved in transfer and affect the transfer to varying extents, depending upon their distance from the operon. If the mapping is correct, one boundary of the TraI region can be placed between map units 23.2 and 23.3, as mutant pJEl-2 (map position 23.2 0.1) resulted in a normal transfer frequency whilst mutant pJEl-14 (map position 23.4 & 0.2) produced a very low transfer rate.
Mutant pJE1-5, which exhibited a normal conjugation phenotype had an insert within the TraI region between those of other mutants which showed greatly reduced conjugation frequency. The region designated TraI may actually consist of more than one operon or mutant pJEl-5 may have inserted into an intercistronic region.
Insertion of Tn.551 into map position 7.8 & 0.4 resulted in a mutant (pJE1-24) which gave an enhanced frequency of conjugation compared with the parental plasmid. In this example, Tn551 may have inserted into a control region for conjugation. Such a region would normally repress transfer; insertion into the gene(s) involved abolishes or reduces the control. Asch et al. (1984) also reported such a region on the self-transmissible Staph. aureus plasmid pCRG1600. Christie & Dunny (1986) found six separate regions on the Strep. faecalis plasmid pCF-10, insertion into which led to enhanced levels of transfer. They found that cells carrying these mutant plasmids differed in colony morphology or growth in broth from cells carrying the parental plasmid. No such change was observed for Staph. aureus mutant pJE1-24. A second explanation is that Tn551 may not have inserted into a control region but was using a high-level promoter of its own to activate an operon of pJEl involved in the conjugal process.
Insertion of Tn551 at map position 19.9 & 0.3 was accompanied by a deletion of about 3.7 kbp of pJE 1. Although deletions are known to be a consequence of the excision of transposons, it is unusual for them to occur on insertion (Novick et al., 1979) . The insertion of Tn551 into pJEl reported here appears to be one such example. It is possible that pJEl normally carries a transposon of 3.7 kbp within this region. The ends of this transposon may have homology with those of Tn551 making them recombinogenic. In the case of mutant pJE1-6, a recombination event between the two transposons may have caused the insertion of Tn551 accompanied by deletion of the original transposon.
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